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Outline

1. Circumstellar gas and dust are the building blocks of planetary
systems. New molecular disk diagnostics probed using HST-COS

2. Structure, evolution, and composition of molecular gas at planet-
forming radii (r < 10 AU) in protoplanetary environments

3. The future: Statistical surveys, absorption line spectroscopy
towards nearly edge-on disks. Need more effective area, more
field-of-view, more spectral resolution...

4. The CHISL spectrograph concept: high-resolution and multi-object
FUV spectroscopy with LUVOIR
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1) Dark cloud chemistry to
disk chemistry
2) Planetary (core)
formation

TR 3) Disk dissipation
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Gas & Dust Disk
Structure and Evolution

Circumstellar disk

Central star
(masked) .

Spiral arms

Size of Pluto’s orbit
to scale

SRS D

7.3 billion miles
11.8 billion km
0.5 arcsec 79 AU

Muto et al. 2012, Garufi et al. 2013
Subaru/HiCIAO VLT/NACO
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Dust and Gas at r< 10 AU

(Dodson-Robinson & Salyk 2011)

Dust disks clear between
~1—-10 Myr

“Primordial” — “Transitional”?
— "Debris”

* (multi-)Planetary systems

(w/Magnetorotational instability?)

Dong & Dawson 2016
Dodson-Robinson & Salyk 2011
Chiang & Murray-Clay 2007

UV + X-ray photoevaporation

Alexander et al. 2006
Alexander & Armitage 2007
Gorti & Hollenbach 2009
Alexander et al. PPVI 2014



Gas atr< 10 AU

Our definition of inner disk evolution is
mostly driven by dust characteristics

Does dust content = gas content?
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I\I/Iolelclules atr< 10 AU

GM Aur HD 135344
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Salyk et al. 2009, Brown et al. 2013,
Banzatti & Pontoppidan 2015

Collisionally and photo-excited CO
disks remain at r <1 AU* in
systems older than 5 Myr with
evolved inner dust disks

1 AU <10 mas*

Muto et al. 2012, Garufi et al. 2013
Subaru/HiCIAO VLT/NACO

*Spectral Line Widths
*Rotational Line Distribution -> T_,_
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Most direct gas measurement have

been trace species







Molecules at r < 10 AU

* H, makes up >99% of the molecular
gas mass in protoplanetary disks

* Very hard from the ground

[may be done with JWST(?)]

“Space UV” = 912 — 1700 A

* H, emission lines from warm
molecular disk surface

* Molecular absorption lines from
deeper in the disk on
sightlines to accreting
protostar
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HST-Cosmic Origins Spectrograph
Protoplanetary Disk Program

* Greg Herczeg — KIAA/Peking
e Eric Schindhelm* — now SwRiI
 Matthew McJunkin* - CU
 Keri Hoadley* - CU

 Sample of ~50 young stars
(Class Il and Il protostars)

 ~80% with active accretion (CTTS)
 ~20% w/o accretion (WTTS)

(Ardila et al. 2013; France et al. 2012b)
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Also starring:
Herve Abgrall, Richard Alexander

David Ardila, Alex Brown
Joanna Brown, Ted Bergin
Tom Bethell, Nuria Calvet
Eric Burgh, Suzan Edwards
Jim Green, Scott Gregory

Graham Harper, Lynne Hillenbrand
Laura Ingleby*,  Chris Johns-Krull
Jeff Linsky;, Christian Schneider
Evelyne Roueff, Jeff Valenti

Fred Walter, Hao Yang



Cosmic Origins Spectrograph:

10 — 50 times sensitivity increase for
medium-res (R = 20,000) spectroscopy

COS Instrument and on-orbit performance: Green et al. (2012) & Osterman et al. (2011)
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H,
[v', J'] — [V, J"]

H, optical depth (r,)
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V4046 SGR
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1) Rin(Hz) /]\ as IVlacc \l’
2) Ri,(Hy) T as nyz 5 T

Gas clearing inner disk
and/or geometric thinning

3) Rout(HZ) /]\ as Rin(HZ) /I\

' Lya propagating to larger radii i

4) R, (H,) <R (dust)

cavity

Gas clearing lags dust clearing,
possibly cleared by giant planets
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Molecular emission from the Inner Disk

Magnetospheric
accretion

Accretion
shock

¢

Dullemond & Monnier 2010

(inspirational credit: G. Kriss, STScl)



Composition of Protoplanetary Disks:
H, and CO Absorption Spectroscopy

* Direct line-of-sight absorption measurements could allow us
to probe H, and CO in same, warm (~300 K) parcels of disk
gas, set a better basis for molecular abundances and total

disk mass in these regions.
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Composition of Protoplanetary Disks:
Indirect Observations of H,O at ~1 AU?

e Additional ‘quasi-continuous’ emission feature quantified

[ @7 DLO
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France et al. (in prep)



HI-based Reddening Correction
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H,O + Lya -> H," + O (with P~10%)
* H,” + Lya -> observed continuum spectra

NLTE H, Emission, Continuum
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H,O+Llya-> H,"+0
* H,” + Lya -> observed continuum spectra

Non—thermal H, Line Predictions
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Marginal O
Blend O
Non—det. X
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Summary: 1978 - 2016

1) HST-COS observations have enabled statistical studies of both H,
and CO in the warm molecular atmospheres of
protoplanetary disks for the first time.

2) H, fluorescence traces 0.1 — 3 AU (to 10 AU in some transitional
disks) while CO fluorescence traces 2 — 10 AU. H, disk inner
radii increase with dust dissipation and declining mass

P accretion rate.

3) CO and H, absorption line spectroscopy through inclined disks
has revealed CO/H, ratios ~104, suggesting that little CO

i chemical processing occurs in the first 2 Myr. H,O

dissociation at ~few AU is the most likely explanation for the










To take the next step towards usmg uv spectroscopy to
character.lze the structure and,composmon of pianet-

A notlonal twg‘ i’ijtrument would Combme

High- reSqutlon af mg Spectroscopy

13 H.igh.-rfgsglu'tion'(eche'I'Iie‘) pointfsource spectrograph

2) Multi-object i |mag|ng spectrograph medlum and low-
resolution spectral modes.




Combined High-resolution and Imaging
Spectrograph for LUVOIR

LUVOIR: Characterizing
the Exoplanet “Circle
of Life”

Composition of planet
forming region,
connection to eventual
bulk composition of
exoplanets and their
atmospheres.




Combined High-resolution and Imaging
Spectrograph for LUVOIR

LUVOIR: Characterizing
the Exoplanet “Circle
of Life”

Composition of planet
forming region,
connection to eventual
bulk composition of
exoplanets and their
atmospheres.
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Combined High-resolution and Imaging
Spectrograph for LUVOIR
* Multi-object + high-sensitivity

enables statistical surveys of
Inclination angle and ages
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Photoevaporative wind

adapted from
Dullemond & Monnier 2010
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Combined High-resolution and Imaging
Spectrograph for LUVOIR
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Combined High-resolution and Imaging
Spectrograph for LUVOIR
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Combined High-resolution and Imaging
Spectrograph for LUVOIR
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 Distribution of inclination angle
and ages allows 4-D mapping of
disks [r,h,t,A]



Molecular Surface Layer
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Multi-object
observations
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Complementarity with other science
instruments for disk and protoplanet science

Composition of planet forming
region, connection to bulk
composition of protoplanets,
exoplanets, and their
atmospheres.




The Combined High-resolution and
Imaging Spectrograph for the
LUVOIR Surveyor (CHISL)

Omm x 200mm
cross-strip anode
MCP (x 2)

(with Brian Fleming, Keri Hoadley)



NOTIONAL LUVOIR INSTRUMENT SUITE

First Generation Science Instruments (*to be defined by STDTs,
strictly my own interpretation):

1) Coronagraph to detect and characterize (potentially inhabited)
exoplanets (10-1° contrast ratio — discovery, feeding an R > 70
Vis/NIR spectrometer - characterization)

2) “Wide field” imager (6’ x6’; V=32in1 hr)

3) UV spectrograph (multi-object over > 1’ x 1’ FOV at medium
res [R > 25,000]; high-res capability [R = 10°])



NOTIONAL LUVOIR INSTRUMENT SUITE

First Generation Science Instruments (*to be defined by STDTs,
strictly my own interpretation):

1)

2)

3)

Coronagraph to detect and The Combined High- xd)

exoplanets (101 contrast r resolution and Imaging )
Vis/NIR spectrometer - cha spectrograph for the LUVOIR

surveyor (CHISL)
“Wide ficia” imager (6’ x 6,

UV spectrograph (multi-object over > 1’ x 1’ FOV at medium
res [R > 25,000]; high-res capability [R = 10°])



Combined High-resolution and Imaging
Spectrograph for LUVOIR

A two channel instrument :
1) High-resolution (echelle) point source spectrograph

2) Multi-object imaging spectrograph, medium- and low-
resolution spectral modes.



Combined High-resolution and Imaging
Spectrograph for LUVOIR

cross-dispersing '
grating 200mm x 200mm

cross-strip anode
MCP
@
90 cm

* Optical Telescope Assembly = collimator
 TBD -- echelle grating™*
* Holographically ruled cross-dispersing/focusing grating

NEED: stable advanced coatings (reflectivity > 85% at A > 1000 A,
large-format detector array (~¥200mm x 200mm)



Combined High-resolution and Imaging
Spectrograph for LUVOIR

grating . e JWST-like
= microshutter array
(1’ x 2.4°)
—— * Holographic
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large-format detector 8 24000
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CHISL Simulation
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Instrument Parameter STIS G140M

Spectral Resolving Power ple§e/olo)

E N i R E R 1140 — 1740 A

Spectral Bandpass per 50 A
Exposure

Number of Exposures to [V
Cover Spectral Bandpass

Imaging Field-of-View 0.2”7 x 28"

Spectrograph Throughput j#wy7

CHISL

(Imaging
Modes)

16,000 — 40,000

1000 — 2000 A

450 — 1000 A

1 (Low Res)
3 (Med Res)

60" x 144”

11.7%




Combined High-resolution and Imaging

Spectrograph for LUVOIR

What can we do with LUVOIR + CHISL? : :
_ , , Deep fields will be

M produced automatic

B Via parallel

[l observations during
i coronagraphy

Spectroscopic
observations of
low/intermediate
redshift galaxies and
CGM/IGM



Combined High-resolution and Imaging

Spectrograph for LUVOIR
What can we do with LUVOIR + CHISL?

Spectroscopic
Sl observations of
L low/intermediate

B redshift galaxies and
CGM/IGM



Combined High-resolution and Imaging

Spectrograph for LUVOIR
What can we do with LUVOIR + CHISL?

* 3 microshutter arrays, each
20” x 48" FOV

iz e 100 x 200 micron slits
2.4°
e <0.1” spectral imaging across
most of FOV

(0.03” — 1.0” spectral imaging across
full FOV)




Combined High-resolution and Imaging

Spectrograph for LUVOIR
What can we do with LUVOIR + CHISL?
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Arcseconds

Combined High-resolution and Imaging

Spectrograph for LUVOIR
What can we do with LUVOIR + CHISL?

0 -;*ﬂé—— Galaxy-
ﬂnu;
v

A 4

1000 1100 1200 1300 1400 1500 1600 1700
Wavelength (A)

| R > 15,000 1000 — 2000 A spectroscopy of
B hundreds of objects simultaneously.

Background quasars, numerous galactic
regions, circumgalactic halo



CHISL Technology — Current Laboratory and
Flight Testing

%  University of Colorado Boulder

AN CASATH CLASP

T




CHISL Technology — Current Laboratory and
Flight Testing

/ * Colorado UV Rocket Program \

* High-resolution spectroscopy of the local ISM
(CHESS); Imaging spectroscopy of nearby galaxies
and exoplanet host stars (SISTINE); lonizing
radiation from local OB stars (DEUCE*)

 Hardware Development:
1. High-efficiency UV/visible optical coatings
2. Large format, high dynamic range UV detectors

3. Diffraction grating technology
Pl — K. France
*Pl — ). @reen




MCP detector
5 MHz global rate, Echelle grating: 70% C H ESS Payl o) d
photon counting, groove efficiency,
40cm diam, 8K x testing with advanced

8K pixels UV coatings

Cross-disp
grating:
deformable
mirror etching
technology

-
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- —
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-~ e —
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[N\ B

X-strip Echelle Cross disperser | | Mechanical collimator

France et al. 2012
Hoadley et al. 2014
France et al. 2016
Hoadley et al. 2016
Carbon fiber mechanical structure Fleming et al. 2015, 2016




{6) CHISL: Imaging / multi-object spectrograph,

Summary: The future

- .
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4) High-res FUV spectroscopy: gas phase
abundances at rocky planet radii. Multi-object:

statistical analysis of 0.1 — 10 AU gas structure
and evolution from 0.5 — 20 Myr.

5) CHISL: high-resolution (echelle) point source
spectrograph, [R = 10°]

medium- and low-resolution spectral modes.
multi-object over 1’ x 2.4’ FOV at medium res [R

=16, OOO 40 OOO]
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4. CHISL Technology - ‘ \

° g ’ %
and Fligh k. |
CHISL Technology Development j J/
1) CHESS: (see Keri Hoadley’s ’ 1
poster today/tomorrow, 9905-138) high-
resolution (R = 10°) echelle spectrograph a B
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CHESS Payload
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Cross Disperser (HORIBA Jobin-Yvon):

100 x 100 x 30 mm fused silica substrate
Holographically-ruled, 351 grooves/mm



4. CHISL Technology — Current Laboratory
and Flight Testing

CHISL Technology Development

1) CHESS: (see Keri Hoadley’s poster today/tomorrow, 9905-
138)

2) SISTINE: (see Brian Fleming’s Talk this afternoon, 9905-9). R
= 10,000, sub-arcsecond imaging spectrograph, 1000 — 1600

Detector

Primary Mirror
\, Fold Mirror : 1




Summary — Part 1

1) HST-COS observations have enabled statistical studies of both H,

and CO in the warm molecular atmospheres of protoplanetary
disks for the first time.

2) H, fluorescence traces 0.1 — 3 AU (to 10 AU in some transitional
disks) while CO fluorescence traces 2 — 10 AU. H, disk inner radii
increase with dust dissipation and declining mass accretion rate.

3) CO and H, absorption line spectroscopy through inclined disks
has revealed CO/H, ratios ~10*%, suggesting that little CO chemical
processing occurs in the first 2 Myr. H,O dissociation at ~1 AU is
the most likely explanation for the UV molecular continuum in PPD
spectra.
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Outline

1. Circumstellar gas and dust are the building blocks of planetary
systems. New molecular disk diagnostics probed using HST-COS

2. Structure, evolution, and composition of molecular gas at planet-
forming radii (r < 10 AU) in protoplanetary environments

3. High-energy (X-ray through UV) stellar irradiance regulates
chemistry and evolution of potentially habitable planets — first
panchromatic survey of M and K dwarf host stars (MUSCLES)

4. Quantifying the high-energy radiation environment, formation of
“biosignature” species in Earth-like atmospheres, large UV/X-ray
flares on optically inactive stars



The Energetic Radiation Environment
in the Habitable Zones Around Low-
Mass Exoplanet Host Stars

also starring:

Tom Ayres — CU, Alex Brown — CU, Juan Fontenla - NWRA

Cynthia Froning — Texas, Suzanne Hawley — UW, Lisa Kaltenegger —
Harvard/Cornell, Jim Kasting — Penn State

Jeff Linsky- CU, Pablo Mauas — Arg, Yamila Miguel - MPIA

Aki Roberge — NASA/GSFC, Sarah Rugheimer — Harvard/St. Andrews
John Stocke — CU, Feng Tian — LASP/Tsinghua, Mariela Vieytes - Arg
Lucianne Walkowicz — Princeton/Adler




Heating and Chemistry of
Planetary Atmospheres

Eartl';e—q-uiv ROS.
Outer HZ Edge 0.5AU SO
0.2AU Inner HZ Edge Earth-equiv Pos.
0.3AU 1AU

Earth-equiv Pos.

0.14AU  Inner HZ Edge

0.1AU * Earth not drawn to scale




Heating and Chemistry of
Planetary Atmospheres

Outer HZ Edge
&

0.8AU
Inner HZ Edge

Outer HZ Edge SUP——
0.2AU Inner HZ Edge Earth-equiv Pos.

0.3AU 1AU

Earth-equiv Pos.

0.14AU  Inner HZ Edge
0.1AU

* Earth not drawn to scale



SEGURA ET AL.

15x10°s

Flare end

Fraction change in the O, column depth

Flare plus g)roiton event

Time (seconds)




Exoplanet Atmospheres: Exo-Earths

eHabitable planet candidates exist today

Segura+, AsBio, 2005

/' AD Leo
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*The EUV+FUV+NUV radiation fields of their &~ e
host stars control the atmospheric heating/ “l
stability and photochemical structure of their
atmospheres — including formation of

biomarkers (e.g., O,, O, CO,, CH,) —
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. However we have few constraints on the e
high-energy irradiance from “typical”
(optically inactive) M and K dwarf planet
hosts, neither observational nor

theoretical

* Modeling and interpretation of
biomarkers require realistic inputs




Observational Program

Measurements of the
Ultraviolet

Spectral
Characteristics of
Low-mass
Exoplanetary
Systems

n (CU student Sarah LeVine)

- i [ e g bt T"‘ )
[ A ‘,‘ " « \:-‘ -‘ 4 g }i \ ?
i i it :" Ji /IM i’ :( m

Pl — France. CU graduate students Allison Youngblood and Parke Loyd



Observational & Modeling Program

eOptical & NIR -
eNorth: APO, LCOGT, South: El Leoncito, VLT

*FUV (w/ Lyo) & NUV
eHubble Space Telescope, Cycle 22 Treasury

o LUV
e Far-Ultraviolet Spectroscopic Explorer + models
oEUV

eCalculation based on new solar/stellar models
and observed FUV line emission + EUVE

OX-ray X-ray = 0.5 - 10 nm
_ EUV =10-90 nm
eChandra, XMM-Newton, Swift LUV=91—116 nm

FUV=117-170 nm
NUV =171 —310 nm

Pl — France




') MUSCLES
-~ MUSCLES Treasury Survey: 60% of K and M dwarf
exoplanet hosts at d < 15 pc.

e\What is the energetic radiation environment in the
habitable zones of low-mass exoplanetary systems?
eFlares and activity on typical (‘inactive’) K & M
dwarfs host stars
e|mpact on
atmospheric photo-
chemistry and the
production of
molecular tracers
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M dwarf Lya

*Project MUSCLES: Lya Reconstruction
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ergem s | f
60| loz(N(H) = 1847
b=9kms i
log(D/H) = —4.82 |
40 ‘
.’; Youngblood et al. 2016
20 : ,
: | see also
. France et al. (ApJ-2013)
N R . Wood et al. (ApJ — 2005)
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Loyd et al. (ApJ-2016 submitted)
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https://archive.stsci.edu/prepds/muscles/

o (B R

i & #k  [E] Admissions 2016 - Google ... * | [F] MUSCLES - Measurements... » | B Hourly Weather Forecastf.. »* = -+

€ ) @  hitps://archive.stsci.edu/prepds/muscles (B : More Grant Funding? ﬁ B 9 3 4 9

|2} Most Visited (@ HST Program Status (@ ETC ¢ AstroMtg2016 $3 Dropbox - Login > LASP Travel [J4 LASP_WebMail

Barbara A.

MIKULSKI ARCHIVE g SPACE TELESCOPES

MAST | STScl | Tools w | Mission_Search ~ | SearchWebsite | f] v Folow Us «~
About MAST |Getting Started |

As of April 13, the archive is now using the STScl Single Sign-On (SSO) identity manager. To check on your account click here. For
more information about how accounts were transitioned click here

m

Measurements of the Ultraviolet Spectral Characteristics
of Low-mass Exoplanetary Systems (MUSCLES)

Pl: Kevin France (Colorado)
Loyd/France et al. 2016, x0, XXXX, XXXX

See also:
MUSCLES Paper | - Motivation and Overview: France et al. 2016. in prep

MUSCLES Paper Il - Intrinsic Lyman Alpha and Extreme Ultraviolet Spectra of K and M Dwarfs with Exoplanets
Youngblood et al. 2016 in prep

Introduction Data Products Data Access README (TXT) (PDF)

Introduction

MUSCLES is a spectral survey of 11 low-mass, planet-hosting [We Chandra/XMM/APEC NN EUV SN STy WEE Phoenix Model
stars, 7 M and 4 K dwarfs. The spectra cover wavelengths from 5 TS Gt TSR
Ato 5.5 pm, with emphasis on high-energy radiation. Data T 00000
sources for the various regions of the spectra are: 0%}

¢ X-rays: Chandra/XMM-Newton and APEC models (Smith 107}
et al. 2001. ApJ. 556. 91)

e EUV: Empirical scaling relation based on Lya flux (Linsky
et al. 2014, ApJ. 780. 61) |

e Lya: Reconstructed from model fit to line wings 107}
(Youngblood et al., 2016, in prep) 10+

e FUV - blue visible:: HST COS and STIS 102}

e Visible - IR: Synthetic photospheric spectra from 1020 LI J :
DHNEMIY atmnenhara madale (Hicear at al 2012 ARA 10- 10° 10 10

Flux (normalized)
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FUV/NUV ~ 0.2 - 1
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Habitable ... Tianetal 2014
Zone ' A

Age ~1-5 Gyr




Abiotic Earth around the Sun
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Count Rate (s™)
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E(400 - 1700A) ~ 103! erg
about once a day
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Earth-mass Planets around M and K dwarfs: The
Production of (and eventual detection of)
“Biomarker” Gases

Kevin France
< 4 University of Colorado at Boulder
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*  (Rypane/R+) for 0,, 05, CO, CO, H,, and
H all peak in the UV, 100 - 400 nm.

800
Vacuum Wavelength (nm)

O; peak at 250 nm, O, peak at BitrEMIEUX & KALTENEGGER 2013
160nm: habitable planets around F

and A stars. (start discovery now)

 NEED: 8+ m primary, facility-class UV
spectrograph, large photon-counting

i N Kevin France

University of Colorado at Boulder







Summary — Part 2

1) MUSCLES: First panchromatic survey of the energetic radiation

environment around M dwarf exoplanet host stars. High-level data
products available on MAST for modeling community.

2) FUV/NUV ~ 0.2 -1 for M dwarfs, important for atmospheric
chemistry and the production of possible false-positive
“biomarkers”

3) FUV and X-ray flares (50 — 10000% increases on 102 — 103
second timescales) are present on > half of optically inactive M
dwarf exoplanet host stars observed to date. Impacts on
atmospheres is work in progress.







Table 1: MUSCLES Treasury Survey — Target List

Star Distance Type Exoplanet Mass Semi-major Axis HST X-ray X-ray
(pc) M sin 7 (Mjyp) (AU) Tezp (orbits) Mode Tezp (ks)
GJ 1214 13.0 M6 0.020 0.0143 15 CX0O-GO15 [30]
GJ 876 4.7 M4 1.935, 0.61, 0.208, 0.130, 10 Chandra 20 + 10
0.018, 0.039 0.0208, 0.0208
GJ 581 6.3 M3 0.050, 0.017, 0.041, 0.073, 11 CX0O-GO15 [50]
0.019, 0.006 0.218, 0.029
GJ 436 10.3  M2.5 0.073 0.0287 13 Chandra 20 + 10
GJ 176 9.4 M25 0.026 0.066 14 Chandra 20 + 10
GJ 667C 6.9 MIl1.5 0.018, 0.014 0.049.0.123 11 Chandra 20 + 10
GJ 832 4.9 M1 0.64 3.4 10 XMM 10
HD 85512 11.2 K6 0.011 0.26 8 CX0O-GO [40]
HD 40307 12.9 K25 0.013, 0.021, 0.047, 0.080, 8 CXO0O-GO [50]
0.030, 0.011, 0.132, 0.189,
0.016. 0.022 0.247. 0.600
€ Eri 3.2 K2 1.1 - 1.55 3.4 8 XMM 10
HD 97658 21.1 K1 0.020 0.080 9 CXO0O-GO [50]
GJ 1061 3.7 M5 2
GJ 628 4.3 M4 2
HD 173739 3.6 M3 2
GJ 887 3.3 M2 2
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UV variability in other exoplanet host
stars

e K-dwarf € Eri, FUV Flare. L, increase ~ 3

IDL7 = =

eps Eri, Feb 03 2015

HST-COS, Feb 02 2015
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Ct,3x10*K
chtomosphere

M dwarfs

Excess Noise

Stochastic Fluctuations:
5 — 30% on minute
timescales
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1) Despite 2 — 3 Myr timescale for the end of accretion, many

1 — 10 Myr protoplanetary disks (CTTS + Herbig Stars) display a
rich molecular layer at planet-forming radii (0.1 — 10 AU)

2) Fundamental band CO studies (A ~ 4.7 um) provide the most
detailed constraints on the temperature and kinematics of
the 0.1 — 1.0 AU inner disk, including disk winds

3) H,0, OH, and organic molecules are common inside 3 AU

4) UV spectroscopy is a promising technique for the

characterization of the photoexcitation of the inner disk surface
(0.1 — 10 AU). Simultaneous coverage of CO and H, set a basis for
gas-phase abundance and disk structure studies.




Molecular Gas inthe 0.1 -10 AU
Circumstellar Environments
Around Young Stars

Mahalo



Composition of Protoplanetary Disks:
Indirect Observations of H,O at ~1 AU?

e COS enables robust FUV continuum characterization for the
_.first time

(@7 1DLO o @] X

DM Tau, UV Continuum

TN
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Composition of Protoplanetary Disks:
Indirect Observations of H,O at ~1 AU?

e COS enables robust FUV continuum characterization for the
‘first time

@7 DLO =

DM Tau, UV Contmuum
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H,O+Llya-> H,"+0
* H,” + Lya -> observed line and continuum spectra

Non—thermal H, Line Predictions

Detection @
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Non—det. X
Lyo Abs. O
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* |sotopic Fractions and
Vibrational Excitation

(UV radiation field,
grain opacities)
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Molecules in Protoplanetary Disks:
Ultraviolet Emission from the Inner Disk

* UV-H,: Most targets dominated by single, symmetric

H, line profile at the stellar radial velocity:
1. Disk surface origin, likely wind component
2. T..(UV-H,)=2500 + 1000 K
3. Ryyu,=0.1-3AU; M,,(2500K) ~10°—-10*Mg

* UV-CO: Narrower lines, no evidence for broad component
1. Disk surface origin
2. T.(UV-CO)=400=300K
3. Ryy.co=2.0-10AU; M,,(500K) ~102—-101 Mg
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575 = 50
525 + 50
650 + 100
650 = 150
350 = 100
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65 + 24 2.1 +0.1
8.1+5.2 2.2 +0.1
6.5+ 3.3 0.60 = 0.05
0.81 + 0.32 0.60t
0.2 -13 1.2 + 0.2
49 + 16 0.7 +0.1




(0-6)P(3)

401 20 AU hole

[ 1 20
Ll Illlllllllllll“llllIlllllllllTllllllllllllllllll
1500 1600 ]\WNMM MMMA/\-}LU

1200 1300 1400 0
Wavelength (A)
1430 1440 1450 1460 1470
Wavelength (A)




Ao ~1315 A
~1352 A
~1390 A




Ao ~1315 A
~1352 A

1314 1316 1318 1320 1322 1324 1352 1354 1356 1358 1360
Wavelength (A)




0151
Count

e Cll
o Silll
SilV
* Continuum

L1 lllIlll

O J._l IIIIII|

| | | | I |
500 1000
Flare Duration (s)

1

500




Hubble’s Ultraviolet View of

Protoplanetary Disks and
Exoplanetary Environments
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